Mobile genetic elements can be found in almost all genomes. Possibly the most common non-autonomous mobile genetic elements in bacteria are REPINs that can occur hundreds of times within a genome. The sum of all REPINs within a genome are an evolving populations because they replicate and mutate. We know the exact composition of this population and the sequence of each member of a REPIN population, in contrast to most other biological populations. Here, we model the evolution of REPINs as quasispecies. We fit our quasispecies model to ten different REPIN populations from ten different bacterial strains and estimate duplication rates. We find that our estimated duplication rates range from about 5 × 10 −9 to 37 × 10 −9 duplications per generation per genome. The small range and the low level of the REPIN duplication rates suggest a universal trade-off between the survival of the REPIN population and the reduction of the mutational load for the host genome.
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Repetitive sequences are common in most bacterial genomes, tive unit. 48 The occurrence of REP sequences and associated functions 49 have been described in many different bacterial genomes (Hig-50 gins et al. 1982; Aranda-Olmedo et al. 2002; Silby et al. 2009 ). 51 However, their evolution has rarely been studied in detail (Ber-52 tels and Rainey 2011a,b) and nothing is known about the dupli-population evolves to a mutation-selection balance as described x j f j q ji − x i φ.
(1)
In our case n equals 4. The fitness of sequences belonging to 111 each class j is given by f j and the average fitness of the popu-112 lation by φ = ∑ n i=0 x i f i . The probability that a sequence from 113 class j mutates into i is given by q ji . In our model, sequences 114 can only acquire a single mutation per time step. Hence, Q is a 115 tri-diagonal matrix with non-zero entries in the main diagonal 116 (no mutation) the first diagonal above (sequence acquires an ad-117 ditional mutation) and the first diagonal below (back mutation).
118
For a mutation rate µ and a sequence length L, the probability 119 of transitioning to the next mutation class i + 1 is µ(L − i 1 3 ) and 120 to the previous mutation class i − 1 is iµ 1 3 . The fourth mutation 121 class is the only class where we assume a back mutation rate of 122 zero -the exact value would depend on the frequency distribu-123 tion of the sequences that differ by more than three mutations 124 to the master sequence. We also assume that the mutation rate 
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Figure 1
Exemplar results for a quasispecies model. For a mutation rate of µ = 8.9 × 10 −11 , and the fitnesses as given in Table 1 (1+scaled duplication rate), we illustrate the equilibrium distribution of the relative frequencies of P. fluorescens SBW25 REPINs. The radii of the circles indicate the duplication rate, which is the quasispecies fitness subtracted by one. Note that the actual fitness differences are extremely minute at the level of 10 −9 . The cartoon merely illustrates the architecture of the fitness landscape. The mutation probabilities are given by (q ij ) while self-replication occurs with probability q ii . discrete time step corresponds to g = also extracted but marked with a 25bp long adenine sequence.
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The relationship between REPINs is visualized as a sequence REP sequences that do not form REPINs (e.g. singlets) are shown as empty circles. Blue "included" nodes belong to the REPIN population for which we infer duplication rates. Red ("not included") nodes were excluded from the analysis because they likely evolve on a more complex fitness landscape that is more difficult to model. The size of the nodes indicates the frequency of the corresponding sequence in the SBW25 genome.
The population network in Figure 2 has many sequence hubs 259 distantly related and not connected to the master sequence. In-260 stead of a very rugged activity landscape of a single RAYT (the 261 transposase responsible for duplicating REPINs), we think it 262 is more likely that these hubs were created by the concurrent 263 activities of multiple RAYT transposases (the SBW25 genome 264 contains three RAYT genes). As it is impossible to accurately 265 model this complexity for small REPIN populations, we decided 266 to reduce the REPIN population to all sequences that are part of 267 the largest cluster as well as all sequences that are at most 2bp 268 different from any sequence that is part of the cluster.
269
The "included" subpopulation selected in Figure 2 has 235 270 members. We will model this subpopulation as quasispecies, 271 with five sequence classes, that are 0, 1, 2, 3 and more than 3 272 mutations away from the master sequence. In our model we 273 will also assume that the population is in equilibrium and the 274 frequencies of the sequences we observe are steady state fre-275 quencies. The mutation rate in our model was chosen to be high 276 to facilitate stochastic simulations of the evolutionary process.
277
The fitness values for each mutation class were calculated from 278 the quasispecies equation for the sequence frequencies observed 279 in SBW25 (Table 1) .
280
The quasispecies equation provides us with a set of fitness 281 values that perfectly recapitulate the observed frequencies for 282 infinitely large populations ( Figure 3A ). However, REPIN pop-283 ulations are relatively small, which means that population size 284 will have a strong effect during REPIN evolution. To estimate 285 stochastic effects, we used the calculated fitness parameters for 286 each mutation class to perform a stochastic Wright-Fisher sim-287 ulation with a maximum of 235 individuals ( Figure 3B ). Our 288 simulation shows that the distributions of the mutation classes 289 are wide, particularly for the master sequence, which is probably 290 an effect of the small population size (Figure 3C ).
291
The rate at which duplications occur can be calculated from 292 the inferred fitness values. We calculate the duplication rate from 293 these fitness values by subtracting one, as "one" is the part of the 294 fitness in our model that corresponds to REPIN maintenance.
295
The duplication rate we inferred for the master sequence in 296 SBW25 is 9.8 × 10 −9 per generation and per sequence.
297
However, this means that for the 3 rd mutation class, we infer 298 negative duplication rates (Table 1) . Unless there is an active 299 deletion process for these mutation classes, these duplication 300 rates are unlikely to be accurate. Alternatively, it is possible that 301 members of the 4 th mutation class are more likely to replicate 302 than members of the 3 rd mutation class. This could be true 303 as it is possible that these sequences are also recognized by a 304 second RAYT transposase in the SBW25 genome. To alleviate 305 this problem, we can simply scale up all mutation classes so 306 the lowest fitness is 1. This leads to a higher duplication rate of 307 the master sequence's mutation class of 11.3 × 10 −9 instead of 308 9.8 × 10 −9 (Table 1) . 
321
REPIN duplication rates in other bacteria. 322 We also calculated duplication rates for four more Pseudomonas 323 strains and five more E. coli strains. The E. coli strains we chose 324 were quite distantly related to each other and belong to phy-325 logroups A, B2 and D. The Pseudomonas strains we chose are very We identified a master sequence in the data and inferred the frequency of the different mutation classes. We use the equilibrium of our quasispecies model to calculate the associated fitness values f i and setting f 4 to 1, where λ i is f i − 1. b The scaled duplication rate is: For BG33R, DC3000, GB1 and UMN026 values from the simulation are not reliable as the master sequence did not persist until the end of the simulation. Empty circles indicate the inferred duplication rate from the observed sequences. The black lines indicate error thresholds. If the duplication rate of the master sequence falls below the black horizontal lines, then it is impossible to maintain the master sequence above a frequency of 1% in the population. All error thresholds among Pseudomonas strains and among E. coli strains only differ at a level of 10 −10 , which cannot be seen in the figure as it is less than the line width. The full organism names from left to right are: P. fluorescens A506, P. synxantha BG33R, P. syringae pv. tomato DC3000, P. fluorescens SBW25, P. putida GB1, E. coli 536, E. coli K-12 MG1655, E. coli B REL606, E. coli UMN026, E. coli UTI89.
